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Photoproduction of Charm Pairs
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Abstract.
A large sample of events containing fully and partially reconstructed pairs of charmedD mesons

has been studied by the Fermilab photoproduction experiment FOCUS (FNAL-E831). Correlations
between photoproducedD and D mesons are used to study heavy quark production dynamics.
Correlation results are presented for fully and partially reconstructed pairs of charmedD mesons.
The results are compared to Monte Carlo predictions based on a recent version of PYTHIA with
default settings.

INTRODUCTION

A fundamental understanding of heavy-quark production has not yet been achieved.
Quantum Chromodynamics (QCD) provides a theoretical framework, but perturbative
QCD calculations can only be applied to some aspects of heavy-quark production while
other aspects remain elusive. This is especially true for charm production, where per-
turbative QCD calculations have large uncertainties and non-perturbative effects must
be included to adequately model physical observables. In the absence of a fundamental
understanding of heavy-quark production, the best tools we have are models that are able
to reproduce existing experimental data and make predictions about untested aspects of
QCD.

One subject of considerable theoretical interest and ongoing experimental research is
the study of correlations between heavy-quark pairs [1], in particular the study of corre-
lations betweenD andD mesons. In this paper, highlights from a recent publication [2]
onDD correlations in photoproduction are presented. The results are based on studies of
fully and partially reconstructed charm-pair events, and are presented by comparing data
distributions to predictions from a recent version of the Lund model [3] for photon-gluon
fusion. The overall agreement between our data and the model is good, and significant
improvements have been made compared to older versions of the model [4, 5]. In this
paper we highlight noteworthy differences between our data and the model.
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CHARM-PAIR ANALYSIS

The data for our studies of photoproduced charm pairs were recorded by the FOCUS
(FNAL-E831) experiment during the 1996–1997 fixed-target run at the Fermi National
Accelerator Laboratory. The experiment ran with a photon beam and a BeO target. The
average photon energy for the recorded data was�180 GeV with a width of�50 GeV.

A candidate-driven algorithm [2] was used to collect a sample of�7000 pairs of
fully reconstructedD mesons:D+D�, D+D

0, D0D�, andD0D
0. For this sample we

considered the decay modesD0
! K�π+, D+

! K�π+π+, D0
! K�π+π+π�, and

charged-conjugate modes. The algorithm found charm-pair events by reconstructing two
D-meson candidates, and by using the twoD’s to reconstruct a primary vertex. The
algorithm included other tracks in the primary vertex as long as the tracks satisfied
confidence level cuts associated with the primary vertex. The number of tracks found
in this manner together with the twoD’s defineNprimary, the primary vertex multiplicity.

Figure 1 shows theDD signal that we obtain. The figure shows the normalizedD
invariant mass2 Mn(D) opposite the normalizedD invariant massMn(D). TheDD yield
that we obtain from a fit to the data is 7064� 119 (statistical error).
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FIGURE 1. NormalizedD mass vs. normalizedD mass distribution for fully reconstructed charm pairs.

In addition to our sample of pairs of fully reconstructedD mesons, we have also
obtained a sample of events where oneD is fully reconstructed (referred to as the
recoil D) and the other is kinematically tagged by a slow pion coming from the decay
D�+

! π+D0. In these decays, theD0 need not be reconstructed, and therefore we
refer to this sample of events aspartially reconstructed charm pairs3. For this sample
we consider the same decay modes that were used for the fully reconstructed charm
pairs. Figure 2a shows the invariant mass distribution that we obtain, with a total of
782630� 1600 candidates satisfying our selection criteria.

2 The normalized mass,Mn(D) = ∆M=σM, is defined as the difference between the reconstructed mass
and the central value of theD+ or D0 mass distribution divided by the reconstructed-mass errorσM.
3 The partially reconstructed sample consists ofD�+D�, D�+D

0
, D0D��, andD+D�� pairs.
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FIGURE 2. Invariant mass of the recoilD in the partially reconstructed charm-pair sample (left). The
mass of chargedD candidates is lowered by 3.74 MeV=c2 to match theD0 mass. The yield is a sum of
individual yields for the three decay modes described in the text.∆2

t distributions (right) for right-sign
(filled triangles) and wrong-sign (open circles) combinations of partially reconstructed charm pairs.

For partially reconstructed charm pairs we perform a background subtraction that is
based on the charge of the slow pion. This is done by treating each track that is assigned
to the primary vertex (excluding the recoilD) as a slow-pion candidate from the decay
D�+

! π+D0. If the charge of the slow pion is the same as the charge of the kaon from
the recoilD, then the combination of the slow pion and recoilD is designated as aright-
sign combination. Otherwise, it is awrong-signcombination. This is used to subtract
wrong-sign background from right-sign combinations.

To enhance the event selection procedure, a maximum cut of 4 (GeV/c)2 is applied
to ∆2

t = (p(r)x + 13:8� p(π)x )2+ (p(r)y + 13:8� p(π)y )2, wherep(r)x ; p(r)y and p(π)x ; p(π)y are
transverse momentum components of the recoilD and slow pion4, respectively. This cut
enhances the selection of signal since genuine events balance∆2

t (see reference [5] for
more details). This is shown in Figure 2b, which shows a prominent excess of right-sign
combinations close to∆2

t = 0 compared to the wrong-sign background. After applying
the∆2

t cut, we obtain a sample of 75160� 1040 partially-reconstructed charm pairs.

CHARM-PAIR PRODUCTION

Our study of charm-pair production compares FOCUS data to predictions from a Monte
Carlo based on PYTHIA 6.203 [3] with default settings. We use PYTHIA with default
settings (instead of using a Monte Carlo tuned to match our data) to facilitate com-
parisons with theoretical predictions and results from other experiments. To improve
comparisons between data and model predictions we eliminate our lowest multiplicity

4 The momentum of the soft pion approximates the momentum of theD� (due to the lowQ value of the
D� decay) when multiplied by the inverse of its energy fraction, which is� 13.8.



charm-pair events by requiringNprimary > 2. This eliminates events that have only the
two D mesons assigned to the primary and no additional tracks. The reason for impos-
ing this cut when comparing data to PYTHIA is that the cut removes diffractively pro-
ducedψ(3770) events, which are not present in PYTHIA . ψ(3770) events are observed
in FOCUS data (see Figure 3) as a threshold enhancement in the invariantDD mass for
mass combinations with a net charge of zero (D+D� andD0D

0
). This enhancement is

especially evident for events withNprimary = 2 when we apply cuts that remove events
with energy deposited in our electromagnetic calorimeters (see Figure 3b).
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FIGURE 3. (a) InvariantDD mass forD+D� andD0D
0

mass combinations for background-subtracted
FOCUS data (open circles), PYTHIA 6.203 (solid line), FOCUS data with anNprimary = 2 cut applied to
the data (filled triangles), and PYTHIA 6.203 withNprimary = 2 cut (dashed line). (b) TheDD mass for
Nprimary = 2 after removing events with energy deposited in electromagnetic calorimeters.

After requiringNprimary > 2 for fully reconstructed charm pairs, we compare FOCUS
data to PYTHIA 6.203 for both the fully and partially reconstructed5 charm pairs (see
Figures 4 and 5). Although we observe some discrepancies, the PYTHIA model for
charm photoproduction shows good agreement with the data. The distribution for the
azimuthal angle,∆φ , between theD andD momentum vectors in the plane transverse
to the beam direction is reproduced by PYTHIA ; however, we observe an enhancement
in the first ∆φ bin that may suggest the presence of a production mechanism that is
not included in PYTHIA . The enhancement disappears for partially reconstructed charm
pairs (see Figure 5a) due to resolution broadening and selection cuts used in the analysis.
There is good agreement for the transverse momentum squared of theDD pair in
Figures 4b and 5b, except that the data tend to have slightly larger values ofp2

t (DD).
Other comparisons between FOCUS data and PYTHIA are presented in reference [2].

In summary, FOCUS has extracted two large samples of charm pairs for studies of
charm photoproduction. The agreement between data and a recent version of PYTHIA

with default settings is good. Noteworthy differences are observed in the azimuthal angle
between theD andD mesons, and in the production ofψ(3770) events.

5 Partially reconstructed charm-pair events satisfy an implicitNprimary > 2 cut, since these events have
two D mesons and a slow pion that account for a minimum primary vertex multiplicity of three.
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FIGURE 4. Charm-pair correlations for fully reconstructed charm pairs withNprimary > 2: (a)∆φ and

(b) p2
t of theDD pair for background-subtracted FOCUS data (asterisks with error bars), PYTHIA 6.203

after detector simulation and data analysis cuts (solid line), and PYTHIA 6.203 parent distributions without
acceptance or resolution effects (dashed line with arbitrary normalization).
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FIGURE 5. Charm-pair correlations for partially reconstructed charm pairs: (a)∆φ and (b)p2
t of theDD

pair for background-subtracted FOCUS data (asterisks with error bars) and PYTHIA 6.203 after detector
simulation and data analysis cuts (solid line). The∆φ distribution for fully-reconstructed charm pairs
(open circles with error bars) is included for comparison in (a) after accounting for resolution broadening.
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